Wogonoside (Wg), a natural flavonoid, has anticancer effects against several human cancers. The purpose of the present study was to investigate the antitumor effects and underlying mechanisms of Wg on gastric cancer (GC) cell lines. We report that Wg treatment inhibited cell viability and induced apoptosis in human GC cell lines AGS and SGC-7901, and also retarded GC tumor growth in xenograft mice in vivo. We also found that the Wg exerted its antitumor effects against GC cells via induction of reaction oxygen species accumulation, mitochondrial dysfunction, and endoplasmic reticulum stress. Furthermore, C/EBP homologous protein knockdown inhibited apoptosis and increased the viability of Wg-treated GC cells. Our findings may facilitate the development of novel therapeutic agents for the treatment of GC.
Gastric cancer (GC) is the second most common cancer and the second leading cause of cancer-related mortality in China [1] . GC has become a major threat to human life. Currently, surgical resection and chemotherapy are still the most common methods for GC [2] , but the overall prognosis of GC patients remains largely dismal [3] . Accordingly, there is of critical importance to identify novel chemical agents that exert strong antitumor effects against GC.
In recent years, numerous beneficial agents extracted from natural sources have attracted increasing attention in cancer therapy [4] . Wogonoside (Wg; Fig. 1A ), the main flavonoid component derived from the root of Scutellaria baicalensis Georgi (Huangqin), possesses many pharmacological activities, such as antioxidative, anti-inflammatory, and antiallergenic properties [5] . Wg also exerts effective anticancer effects in diverse types of cancer cells, including breast cancer [6] , colon cancer [7] , and non-small-cell lung cancer [8] . However, the anticancer role of Wg in GC is not entirely understood.
Therefore, in the present study, we aimed to systematically investigate the antitumor effects of Wg against GC cells in vitro and in vivo, and elucidate the molecular mechanisms underlying Wg-induced cytotoxicity.
Materials and methods

Cell culture and drug treatment
Two GC cell lines (AGS and SGC-7901) and normal human gastric mucosa cells GES-1, purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China), were cultured in RPMI 1640 medium (Invitrogen, Abbreviations CHOP, C/EBP homologous protein; ER, endoplasmic reticulum; GC, gastric cancer; MMP, mitochondrial membrane potential; ROS, reaction oxygen species; Wg, wogonoside. 
Cell apoptosis analysis
Cell apoptosis was measured using an Annexin V-FITC Apoptosis Detection Kit (BD Biosciences, San Jose, CA, USA). Cells cultured in six-well plates were treated with various doses of Wg or DMSO for 48 h. Then, cells were harvested, washed twice with PBS, resuspended in 19 binding buffer, and double-stained with 5 lL Annexin V-FITC and 5 lL PI at room temperature in the dark. After incubation for 15 min, the stained cells were then analyzed using a flow cytometer (BD Biosciences).
Measurement of ROS accumulation
The fluorescent probe 2 0 , 7 0 -dichlorofluorescein diacetate (DCFH-DA; Sigma-Aldrich) was used to monitor intracellular reaction oxygen species (ROS) accumulation.
After 48-h treatment with various doses of Wg or DMSO, the cells were incubated with DCFH-DA (10 lM) in the dark at 37°C for 30 min. The cell suspension was resuspended in PBS, and the fluorescence intensity was detected by flow cytometry.
Measurement of mitochondrial membrane potential
Mitochondrial membrane potential (MMP) was measured using a MMP Assay Kit (Beyotime, Shanghai, China) with cationic dye 5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazolyl-carbocyanine iodide (JC-1). Following treatment with various doses of Wg or DMSO for 48 h, the cells were stained with 10 lgÁmL À1 JC-1 for 30 min in the dark.
Then, the cells were washed twice with PBS and analyzed using a flow cytometer.
Western blot analysis
Total cellular protein samples were extracted using RIPA lysis buffer (Beyotime). Mitochondria and cytoplasm were isolated using a Cell Mitochondria Isolation Kit (Beyotime). The protein concentration was detected by an Enhanced BCA Protein Assay Kit (Beyotime). Equal amounts of protein were fractionated by SDS/PAGE gel and then transferred to polyvinylidene difluoride membranes (Millipore, Bedford, MA, USA). After blocking with 5% skim milk for 60 min, the membranes were incubated with specific primary antibodies overnight at 4°C. The membranes were then washed three times in TBST and incubated with secondary antibodies at room temperature for 2 h. The bands were visualized by an Enhanced Chemiluminescent Detection Kit (Pierce, Rockford, IL, USA), with GAPDH and COX IV serving as a loading control.
Small interfering RNA transfection
Small interfering RNA (siRNA) specific for human C/EBP homologous protein (CHOP; si-CHOP) or negative control siRNA (si-NC) were designed and chemically synthesized by GenePharma (Shanghai, China). Cells were cultured to 90% confluence and transfected with the siRNA at a final concentration of 100 nM using transfection reagent Lipofectamine 2000 (Invitrogen). After 48 h, the knockdown efficiency was validated by western blot analysis.
Xenografts in nude mice
Fifteen 5-week-old male BALB/c nude mice were obtained from Vital River Laboratory Animal Technology Co., Ltd.
(Beijing, China) and maintained under specific pathogenfree condition. AGS cells were suspended in PBS at a concentration of 2 9 10 6 cells/0. 
Statistical analysis
Statistical analysis was performed using GRAPHPAD PRISM 6.0 software (GraphPad Software, Inc., La Jolla, CA, USA). Differences between groups were analyzed using one-way analysis of variance (ANOVA) test followed by Tukey's post hoc test. Values of P < 0.05 were considered to indicate a statistically significant result.
Results
Wg inhibits GC cell viability
To examine the cytotoxic effect of Wg in GC, we first measured the changes in cell viability by Wg using MTT assay on indicated concentrations. The results showed that treatment of AGS and SGC-7901 cells with Wg remarkably decreased cell viability in a dosedependent manner (Fig. 1B) . But Wg did not exert obvious adverse effects in GES-1 cells (Fig. 1C) . Similarly, as shown in Fig. 1D , Wg treatment also significantly suppressed the clonogenic growth of AGS and SGC-7901 cells based on colony formation assay.
Wg inhibits GC tumor growth in vivo
To confirm the antitumor role of Wg in vivo, we then performed a xenograft nude mouse experiment. As demonstrated in Fig. 2A , compared to the DMSO-treated mice, Wg treatment remarkably inhibited the growth of AGS xenograft tumors. Moreover, at the end of the experiment, the tumor weight was reduced by~60% in the Wg (80 mgÁkg À1 )-treated mice (Fig. 2B) .
Wg induces GC cell apoptosis
We then evaluated whether Wg-induced cytotoxicity was partly related to the induction of apoptosis. As shown in Fig. 3A , the number of apoptotic AGS and SGC-7901 cells was remarkably increased upon Wg exposure. Besides, the induction of apoptosis by Wg treatment in AGS and SGC-7901 cells was also confirmed by the increased Bax expression and decreased Bcl-2 expression (Fig. 3B) .
Wg induces ROS accumulation and mitochondrial dysfunction in GC cells
How does Wg promote the apoptosis of GC cells? Excess intracellular ROS level eventually leads to cell death via apoptosis. As shown in Fig. 4A , increasing Differences between groups were analyzed using ANOVA test followed by Tukey's post hoc test. Data are expressed as mean AE SD from three independent experiments. *P < 0.05 versus control group. doses of Wg significantly increased the intracellular ROS levels in AGS and SGC-7901 cells. Mitochondrial dysregulation is also linked to cell apoptosis. We thus evaluated the effects of Wg on MMP, and the results revealed that Wg treatment impaired the MMP in a dose-dependent manner in both AGS and SGC-7901 cells (Fig. 4B) . We also noticed that Wg treatment led to decreased mitochondrial cytochrome c and increased cytoplasmic cytochrome c in AGS and SGC-7901 cells (Fig. 4C) .
Wg induces endoplasmic reticulum stress in GC cells
Abnormal endoplasmic reticulum (ER) stress may cause cell apoptosis. The expression levels of ER stress-associated proteins were then examined by western blot analysis. As shown in Fig. 5 , Wg treatment dose-dependently increased the expression levels of GRP94, p-eIF2a, and CHOP in both AGS and SGC-7901 cells. Differences between groups were analyzed using ANOVA test followed by Tukey's post hoc test. *P < 0.05 versus DMSO-treated cells. 
CHOP knockdown inhibits the apoptosis of Wg-treated GC cells
CHOP is a crucial component of the ER stress-mediated apoptosis pathway [9] . Western blot analysis showed that transfection of CHOP siRNA led to a significant reduction of CHOP protein expression in Wgtreated AGS and SGC-7901 cells (Fig. 6A) . We further found that the apoptosis rates of Wg-treated AGS and SGC-7901 cells were significantly decreased when CHOP was knocked down (Fig. 6B ). In addition, as shown in Fig. 6C , CHOP knockdown also obviously rescued the impaired viability of Wg-treated AGS and SGC-7901 cells.
Discussion
Currently, GC remains a major public health problem, and natural products have been widely studied as potential therapeutic agents for GC, mainly due to their high therapeutic effectiveness and low adverse effects. A previous study reported that Wg may reverse cisplatin resistance in human GC cells [10] . Herein, the anti-GC role of Wg was also validated by the inhibitory effects on the viability of human AGS and SGC-7901 cells. In addition, Wg administration also retarded GC tumor growth in xenograft mice in vivo.
The inactivation of apoptosis is central to the development of cancer, and targeting apoptosis is a useful anticancer strategy [11, 12] . Apoptosis is a multistep cell death program, and mitochondrial dysregulation is regarded as an early step in the induction of apoptosis [13] . The Bcl-2 family proteins, including Bcl-2 and Bax, play a critical role in apoptosis through altering the MMP and triggering the release of cytochrome c from mitochondria to cytoplasm [14] . ROS generation is an important marker of oxidative stress, and mitochondria are both source and target of ROS [15] . In osteosarcoma cells, Wg induces mitochondrial-mediated apoptosis by modulation of Bcl-2 and Bax [16] , and our findings also provided experimental evidence that Wg treatment can increase the apoptosis rates of GC cells by inducing ROS accumulation and activating mitochondria-related apoptotic pathway.
Endoplasmic reticulum is a subcellular compartment, which serves a critical role in the synthesis and folding of proteins [17] . The accumulation of misfolded or unfolded proteins tends to activate ER stress response [18] . When ER function is severely impaired, the organelle elicits apoptotic signals. ER stress is implicated in many human diseases, including cancers, and novel agents targeting ER stress are beginning to emerge in antitumorigenic therapies [19] . The present study provided important evidence that Wg treatment induced ER stress in GC cells, and CHOP knockdown using siRNA transfection further inhibited the apoptosis of Wg-treated GC cells, indicating that the induction of ER stress might be partly implicated in Wginduced cell apoptosis.
To sum up, in the present study, we for the first time demonstrated that Wg treatment decreased cell viability and induced cell apoptosis of human GC cells, and these effects were partly mediated by the induction of mitochondrial dysfunction and ER stress. Although the precise molecular mechanisms remain to be further investigated, Wg might be a potent therapeutic agent for the treatment of GC.
